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Abstract 
 
Background: The aim of this study was to verify whether the tri-axial accelerometer can be used for 
quantitatively evaluating balance function in children. 
Methods: In total, 198 participants, including 172 healthy children aged 3–11 years (87 boys, 85 
girls) and 26 young adults aged 21–24 years (seven men, 19 women), were enrolled in this study. 
The participants undertook three types of balance tasks: quiet standing with eyes open and closed, 
one-leg standing on the dominant leg and non-dominant leg, and walking on the floor and a balance 
beam. We derived the root mean square from participants’ accelerations measured by the tri-axial 
accelerometer. 
Results: We found that for quiet standing, one-leg standing, and walking tasks, postural sway 
decreased with age. Girls controlled their posture better than boys of the same age on all tasks. There 
was a significant sex difference in quiet standing for children aged 8–9 years. Furthermore, sex 
differences existed in one-leg standing for children aged 5–11 years. A mild positive correlation was 
observed between static and dynamic balance. 
Conclusions: The tri-axial accelerometer is a useful quantitative tool for evaluating both static and 
dynamic balance function in children. Thus, it has the potential to be used clinically for diagnosis 
and rehabilitation. 
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Balance function is an important skill related to development in young children. The number of 
children with developmental disorders is reported to be increasing worldwide. It is well known that 
children with developmental disorders frequently have atypical postural reactivity and coordination 
disorders.
1,2
 Early detection and appropriate intervention are considered to be essential for the proper 
development of social communication ability. 
Previous studies have reported that balance function develops non-linearly from infancy until 
individuals are in their thirties.
3
 Balance functions are usually classified as being either static or 
dynamic.
4
 Static balance is the ability to maintain control of a position while stationary. Quiet 
standing and balancing on one leg are two examples. Dynamic balance is the ability to maintain 
balance and control the body during movements like walking. Dynamic balance control often 
involves proprioception, a range of motion of lower limb joints, muscle strength, and an ability to 
remain steady and upright. Some researchers have reported that static and dynamic stability 
parameters are not significantly correlated.
4
 Therefore, it is important to consider both types when 
evaluating balance. 
In the current health system in Japan, balance function in children is evaluated by indirect and 
qualitative methods, including unestablished checklists or questionnaires dependent on parental 
observation at home.
5
 These methods often suffer from examiner’s bias, insufficient checkpoints, and 
difficulty in observation. On the other hand, several tools are available for quantifying balance 
function, such as the motion analysis system and a force plate.
3,6
 However, the use of these tools may 
be expensive, time-consuming, and sometimes require mastering the technique to acquire and 
analyze data. Therefore, it is difficult to use these tools in health check-ups. 
Recently, the tri-axial accelerometer has been used for evaluating balance function in elderly 
people.
7
 The advantages of this accelerometer are that it can be used during movement, is easy to 
operate, and does not need any special environment. However, very few studies have investigated its 
clinical application in children. 
The aims of this study were: (i) to verify whether the tri-axial accelerometer can effectively 
evaluate balance function in children; (ii) to elucidate the developmental process of balance function 
in children; and (iii) to analyze correlations between static and dynamic balance tasks. 
 
Methods 
Participants 
In total, 198 participants, including 172 apparently healthy children aged 3–11 years (87 boys, 85 
girls) and 26 young adults aged 21–24 years (seven men, 19 women), were enrolled in this study. 
Children participating were split into five groups based on age: 3.6–4.5 years (Group 1), 4.6–5.5 
years (Group 2), 5.6–6.5 years (Group 3), 8.6–9.5 years (Group 4), and 10.6–11.5 years (Group 5). 
No child had any disability or chronic disorder. 
Data on age, sex, birthweight, present weight and height, and body mass index (BMI) were 
collected for all participants. The leg that each participant chose for kicking a ball was defined as the 
dominant leg (D-leg), and the opposing leg was defined as the non-dominant leg (ND-leg).
7
 
 
Procedure 
The experiment was conducted in the schools of all participants. Participants were asked to be 
barefoot and perform three types of balance tasks twice. Task 1, Quiet standing: participants were 
asked to stand for 15 s with their eyes open (Task 1-1) or closed (Task 1-2). Task 2, One-leg standing: 
participants were asked to stand for 30 s on the D-leg (Task 2-1) and later for 30 s on the ND-leg 
(Task 2-2). Task 3, Walking: participants were asked to walk forward at a natural pace along a 5-m 
straight line (Task 3-1) and on a 3-m balance beam (Task 3-2). Balance tasks increased in difficulty 
level from Task 1-1 to Task 3-2. The movements of participants were recorded by two video cameras. 
Trial times and walking speed were confirmed by video recordings. 
Picture instructions were given for each task, and the examiners demonstrated all tasks before 
testing. Measurements were suspended when the following conditions occurred: swerve from the 
proper position in either leg, displacement of the weight-bearing leg, touch of the suspended leg to 
the ground, or use of the suspended leg to support the weight-bearing leg. 
 
Tri-axial accelerometer data 
A tri-axial accelerometer (Micro Stone Corporation, Saku-city, Nagano, Japan) consisting of a 
main sensor (120 g) and two subsensors (4 g) was used in this study. One subsensor was attached to 
the back of a participant’s head, and the other was attached to the back of the waist (Fig. 1). Both 
sensors were synchronized. 
We measured accelerations per 1/200
th
 of a second to derive the root mean squares (RMS) in three 
axes: anteroposterior (RMS(AA)), horizontal (RMS(HA)), and vertical (RMS(VA)). RMS in these axes 
were used to calculate a synthesized RMS value (S-RMS) according to the following formula: 
 
2 2 2
(AA) (HA) (VA)S RMS RMS  RMS  RMS     
 
To correct for individual stature differences, S-RMS was divided 
by the height and square of the walking speed of the participants.
8,9
 
Head and waist subsensor measurements were close to consistent on 
all tasks (Spearman’s rank correlation coefficient for Task 1-1 to 3-2; 
r = 0.85–0.97). Only measurement values for the waist subsensor 
were used for analysis. Coefficients of variance (CV) ranged from 11 
to 15% for one-leg standing and from 7 to 17% for line walking. 
Mean S-RMS were calculated by averaging the S-RMS calculated 
from the two measurements for each task. Incomplete data due to 
machine error were excluded. 
 
Statistical analysis 
Unpaired t-tests and Mann–Whitney U-test were used to compare scores between boys and girls. 
The Kruskal–Wallis test and Mann–Whitney U-test were used to compare scores between age groups. 
Spearman’s rank correlation coefficient was used to explore the relation across the three balance 
tasks. Significance level was set at 0.05. 
 
Ethics 
This study was approved by the Ethics Committee of Kobe University Graduate School of 
Medicine in accordance with the Helsinki Convention. Participants were given information 
Fig 1 Sub sensors position 
according to their understanding abilities. Their parents were provided with detailed information 
about the study and signed a consent form. 
 
Results 
Characteristics of the participants are shown in Table 1. There was no significant difference in the 
physical measurements of boys and girls. In the adult group, male participants were significantly 
taller, heavier, and had higher BMI scores than female participants. 
S-RMS measurements are shown in Table 2 and Figure 2. For all tasks, S-RMS decreased linearly 
with age except for Task 3-2 in Group 5. Scores similar to adults were attained at 10–11 years old 
(Group 5) for Task 1 and at 8–9 years old (Group 4) for Task 3. Significant differences between 
Group 5 and adults were observed for Task 2 (P < 0.01). Moreover, for Task 1, there were significant 
differences between Group 2 and Group 3 as well as Group 4 and Group 5 (P < 0.01). For tasks 2 
and 3, significant differences were observed across Groups 1 to 4 (P < 0.05). S-RMS increased from 
Task 1-1 to 3-2, consistent with the level of task difficulty, in all age groups. Significant differences 
were found between Task 3-1 and Task 3-2 in groups 1 and 5 (P < 0.05). 
In Groups 1–5, S-RMS were lower for girls than for boys on all tasks, except Task 3-2 for Group 5 
(Table 2). S-RMS were significantly lower for girls than for boys in Group 4 on Task 1-1, Groups 2 
and 4 on Task 1–2, Groups 2–5 on Task 2-1, and Group 1 as well as Groups 3–5 on Task 2-2. 
Figure 3 shows sex differences across the six groups for Task 2-1. 
Correlations between RMS on different tasks were analyzed (Table 3). Strong positive correlations 
(P < 0.05) were observed between similar types of tasks (Task 1-1 and Task 1–2, Task 2-1 and Task 
2-2, Task 3-1 and Task 3-2) in all children groups. Significant positive correlations were also shown 
between static and dynamic balance tasks (P < 0.05). Figure 4 shows correlations between the 
S-RMS of Task 3-1 and Task 3-2 and between those of Task 1-1 and Task 3-1 in Group 4. 
 
 
Table 1  Characteristics of participants (N=198) 
Age group Gender N Year (SD) Height / cm (SD) Weight / kg (SD) BMI (SD) 
Group 1 boy 13 4.0(0.3) 99.6(4.5) 15.0(1.2) 15.1(1.1) 
 girl 12 4.1(0.3) 99.9(3.5) 15.5(1.6) 15.5(1.5) 
Group 2 boy 27 5.1(0.3) 106.7(3.9) 18.3(2.3) 16.1(1.1) 
 girl 28 5.1(0.3) 106.5(3.7) 17.8(3.0) 15.6(1.6) 
Group 3 boy 23 5.9(0.2) 112.5(3.5) 19.3（2.5） 15.3(1.4) 
 girl 22 5.9(0.2) 112.4(4.5) 19.3（2.7） 15.3(1.7) 
Group 4 boy 13 9.1(0.3) 130.1(6.1) 26.7(4.6) 15.7(2.2) 
 girl 12 9.1(0.3) 129.5(5.9) 17.9(4.9) 16.0(1.8) 
Group 5 boy 11 10.7(0.3) 139.5(6.4) 35.2(9.6) 17.9(3.5) 
 girl 11 10.7(0.3) 137.0(7.7) 31.5(5.1) 16.7(1.4) 
adult male 7 22.1(1.1)    170.8(6.2) **    62.4(6.3) **    21.0(1.6) ** 
 female 19 22.0(0.8) 159.1(5.5) 49.7(5.1) 19.6(1.3) 
** P < 0.01 compared to female. 
Group 1:3.6–4.5 years, Group 2: 4.6–5.5 years, Group 3: 5.6–6.5 years, Group 4: 8.6–9.5 years, Group 5: 10.6–11.5 years 
 
Table 2  S-RMSs(SD) of participants in three types of balance tasks 
Age Group n Task 1-1 n Task 1-2 n Task 2-1 n Task 2-2 n Task 3-1 n Task 3-2 
Group 1 25 0.20 (0.09) 23 0.20 (0.15) 25 1.09 (0.68) 25 1.49 (0.81) 25 4.90 (0.91)* 25 5.79 (1.46) 
boy 14 0.22 (0.11) 13 0.26 (0.20) 13 1.39 (0.85) 14 1.95 (0.81) †† 14 4.92 (1.05) 14 5.92 (1.78) 
girl 11 0.18 (0.06) 10 0.15 (0.04) 12 0.80 (0.30) 11 1.06 (0.54) 11 4.88 (0.80) 11 5.68 (1.16) 
Group 2 55 0.17 (0.05) 49 0.18 (0.08) 55 0.66 (0.35) 55 0.76 (0.37) 55 4.25 (1.03) 55 4.56 (0.90) 
boy 27 0.18 (0.06) 24 0.20 (0.09) † 27 0.75 (0.39) † 27 0.85 (0.42) 27 4.33 (0.74) 27 4.76 (1.02) 
girl 28 0.15 (0.05) 25 0.16 (0.06) 28 0.58 (0.30) 28 0.68 (0.31) 28 4.18 (1.26) 28 4.38 (0.75) 
Group 3 42 0.14 (0.05) 42 0.15 (0.08) 45 0.51 (0.27) 45 0.63 (0.41) 44 3.61 (0.70) 44 3.75 (0.65) 
boy 22 0.15 (0.06) 22 0.16 (0.10) 23 0.59 (0.26) †† 23 0.80 (0.47) †† 22 3.62 (0.62) 22 3.88 (0.69) 
girl 20 0.13 (0.03) 20 0.14 (0.04) 22 0.43 (0.25) 22 0.46 (0.26) 22 3.60 (0.79) 22 3.61 (0.59) 
Group 4 22 0.14 (0.04) 22 0.14 (0.04) 22 0.30 (0.11) 22 0.35 (0.16) 25 2.76 (0.41) 25 2.95 (0.46) 
boy 11 0.16 (0.04) † 11 0.15 (0.03) † 11 0.35 (0.12) † 11 0.43 (0.18) † 13 2.85 (0.43) 13 3.06 (0.51) 
girl 11 0.13 (0.04) 11 0.13 (0.03) 11 0.24 (0.07) 11 0.27 (0.10) 12 2.65 (0.37) 12 2.82 (0.36) 
Group 5 22 0.11 (0.03) 22 0.11 (0.03) 21 0.29 (0.13) 22 0.30 (0.16) 22 2.66 (0.44)* 22 2.98 (0.53) 
boy 11 0.12 (0.04) 11 0.11 (0.03) 11 0.34 (0.12) †† 11 0.39 (0.18) †† 11 2.73 (0.52) 11 2.90 (0.53) 
girl 11 0.10 (0.02) 11 0.10 (0.02) 10 0.24 (0.12) 11 0.21 (0.05) 11 2.58 (0.35) 11 3.05 (0.54) 
adult 26 0.11 (0.03) 25 0.11 (0.04) 25 0.17 (0.04) 25 0.18 (0.06) 26 2.59 (0.53) 12 2.70 (0.38) 
male 7 0.10 (0.03) 7 0.11 (0.03) 6 0.19 (0.05) 6 0.20 (0.05) 7 2.34 (0.40) 3 2.44 (0.57) 
female 19 0.11 (0.03) 18 0.11 (0.04) 19 0.17 (0.04) 19 0.18 (0.06) 19 2.68 (0.55) 9 2.75 (0.34) 
* p<0.05 compared to Task 3-2 
† P < 0.05 compared to girl of the same age;  †† P < 0.01 compared to girl of the same age 
Task 1-1: Quiet Standing with eye-opened, Task 1-2: Quiet Standing with eye-closed, Task 2-1: One-leg Standing on the dominant leg (D-leg), 
Task 2-2: One-leg Standing on the non-dominant leg (ND-leg), Task 3-1: Walking on the floor, Task 3-2: Walking on the balance beam 
 
 
Fig. 2  Age-related differences of S-RMSs 
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Fig. 3  Gender differences of S-RMSs in Task 2-1 
* p<0.05 ** p<0.01  Task 2-1: One-leg Standing on the dominant leg (D-leg) 
 
Table 3  Correlation coefficients of S-RMSs among the tasks 
 n Group 1 n Group 2 n Group 3 n Group 4 n Group 5 n adult 
The similar types of tasks             
Task1-1 – Task1-2 23 0.67** 49 0.80** 42 0.63** 22 0.79** 22 0.72** 25 0.68** 
Task2-1 – Task2-2 25 0.48* 55 0.63** 45 0.76** 22 0.71** 22 0.84** 25 0.78** 
Task3-1 – Task3-2 25 0.48* 55 0.58** 44 0.73** 25 0.86** 22 0.72** 12 0.41 
Static and dynamic balance tasks             
Task1-1 – Task2-1 25 0.34 55 0.36** 42 0.38* 22 0.48* 22 0.35 25 0.25 
Task1-1 – Task3-1 25 0.53* 55 0.35** 41 0.18 22 0.63** 22 0.23 26 0.33 
* p<0.05 ** p<0.01  
Task 1-1: Quiet Standing with eye-opened, Task 1-2: Quiet Standing with eye-closed, Task 2-1: One-leg Standing on the dominant leg (D-leg), Task 
2-2: One-leg Standing on the non-dominant leg (ND-leg), Task 3-1: Walking on the floor, Task 3-2: Walking on the balance beam 
       
 
Fig 4  correlations of S-RMSs between the tasks 
(a) Correlations of S-RMSs between the similar, (b) Correlations of S-RMSs between static types of tasks and dynamic balance tasks 
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Discussion 
Age-related differences 
In our study, postural sway decreased with age in all the tasks (quiet standing, one-leg standing, 
and walking). In previous studies that used a force plate, age-related improvements in postural 
control were reported for children aged 3–11 years.10–14 
Postural control is related to the development and integration of visual, vestibular, and 
somatosensory systems.
6
 Somatosensory systems mature at 3–4 years of age, while visual and 
vestibular systems reach adult levels at 15–16 years. Dominant sensory information for postural 
control moves from the visual to the somatosensory system at 4–6 years. We did not find a 
significant difference between open-eyed and closed-eyed tests for 3–11-year-olds. This finding 
suggests that the somatosensory system might work on basic postural control in this age group. 
Interestingly, integration of the sensory systems is required for more complex control.
15–17
 
Recently, researchers have proposed different theories to explain motor control, including system, 
ecological, and dynamic action theories. These theories have suggested that postural control emerges 
from a complex interaction between musculoskeletal and neural systems, often referred to as the 
postural control system.
18
 It is also reported that the physical structure of and muscle development in 
the foot affects postural control. Earlier studies have indicated the mechanical contributions of the 
plantarflexor and dorsiflexor muscles in high-grade balance function.
19,20
 
In our study, children aged 8–11 years attained adult levels of balance function on quiet standing 
and walking tasks.
10,13
 On the other hand, significant differences were observed between 11-year-old 
children and adults in one-leg standing tests. We speculate that one-leg standing may require higher 
balancing ability than quiet standing. 
 
Sex differences 
In our study, girls controlled their posture on all balance tasks better than boys of the same age. A 
significant sex difference was observed at 4–5 years on quiet standing with eyes closed, and sex 
differences existed in children aged 5–11 years on one-leg standing with both the D-leg and ND-leg. 
The corpus callosum of girls is wider than that of boys at the age of 3–11 years.21 Magnetic 
resonance imaging (MRI) studies have shown that gray matter areas of the frontal and parietal 
cortices reach their maximum size at 11 years in girls. These areas develop 1 year earlier and are 
larger in girls compared to boys.
22,23
 Recently, a functional MRI study by Kai Wu reported that 
significant sex-related differences in regional nodal properties were found in various brain regions.
24
 
An earlier animal study suggested that secretion of sex steroid hormones is associated with 
neurodevelopment and brain maturation.
25
 Therefore, there is a high possibility that sex differences 
in the central nervous system influence the development of balance functions. 
Several studies have reported that boys show better performance in simple motor movements than 
girls. This suggests that simple motor movements are related to the function of the muscles 
themselves.
20
 Further, it is reported that boys have poorer postural stability than girls because their 
feet are flatter.
26
 This suggests that foot structure and function may also be related to sex difference 
in balance functions. 
Recently, it was reported that boys have a shorter attention span than girls. This may provide one 
possible insight into the observed sex differences.
17
 
 
Static balance and dynamic balance 
In this study, we found a mild positive correlation between static and dynamic balance. Several 
previous studies have reported that dynamic balance function may be linked to the static balance 
function, and thus, the quiet balance function may be closely related to walking balance.
14
 However, 
our results suggest that each measurement of static and dynamic balance is required independently to 
obtain reliable data. 
 
Tri-axial accelerometer 
Our study suggests the usefulness of the tri-axial accelerometer as a quantitative tool to measure 
both static and dynamic balance functions in children. The time needed for measurement was only 
5 min per task. The tri-axial accelerometer had many advantages: it is portable, simple, and has fewer 
restraints for measurements. Thus, the tri-axial accelerometer has the potential to be used clinically 
for diagnosis and rehabilitation. 
We observed strong correlations between similar measurements, such as quiet standing with 
opened and closed eyes, one-leg standing on the D-leg and ND-leg, and floor and balance-beam 
walking. These findings suggest the high reliability of measurements obtained using a tri-axial 
accelerometer. Thus, one or more of these tasks can be selected based on the participant’s condition 
and available space for measurement. 
 
Future studies 
For standardization of measurements using a tri-axial accelerometer, we plan to increase the 
number of healthy subjects to cover a wider range of ages. Future studies may clarify the time when 
children attain adult-like levels for different kinds of balance tasks and whether sex difference 
disappears or not. In addition, balance functions of children with developmental disorders, 
developmental coordination disorders, cerebral palsy, and hearing loss can be assessed in comparison 
to healthy children.
27–29
 The preciseness of measurements obtained using tri-axial accelerometers 
needs to be compared to that of other methods. 
 
Conclusion 
The tri-axial accelerometer is a useful quantitative tool for evaluating both static and dynamic 
balance functions in children. We were able to observe the balance function and relate it to age and 
sex in children at different stages of development. Thus, the tri-axial accelerometer has the potential 
to be used clinically for diagnosis and for evaluating the effectiveness of rehabilitation. 
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